Platinum (Pt) nanoparticles were successfully electrodeposited in situ on an organic conductive polymer, poly (3,4-ethylenedioxythiophene) 
Introduction
The preparation of nanoparticles based composite materials has attracted considerable interest due to their applications in electrochemical sensors and biosensors [1] [2] [3] [4] [5] [6] . Noble metal nanoparticles (NP) have been incorporated in conducting polymers (CPs) using various preparation procedures [7] [8] [9] [10] . Usually the NPs are prepared via a chemical route [11] [12] [13] and are then incorporated into CP layers by electrochemical polymerization of the appropriate monomer [7] or using the layer-by-layer deposition technique [14, 15] . Recently, a great deal of interest has been devoted to innovative synthesis route of Pt nanoparticles, for example by the help of ultrasound [16] . Another possibility might lie in the in situ preparation of Pt nanoparticles achieved via electrochemical methods [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In situ preparation of Pt nanoparticles has been achieved via electrochemical methods, and in particular potentiostatic deposition at a fixed potential value which is sufficiently negative to assure reduction of the appropriate precursors to metallic states. The reduction of the precursors to metallic states was hal-00664520, version 1 -30 Jan 2012 carried out in strong acidic solutions by applying a constant potential for a fixed period of time or by potential cycling in appropriate potential ranges.
The aim of this paper is to demonstrate the suitability of a new in situ electrodeposition preparation procedure based on electrochemical impedance spectroscopy (EIS) technique for Pt nanoparticles deposition on PEDOT coatings. To this purpose, in situ electrochemical preparation of Pt nanoparticles on PEDOT films using sinusoidal voltages of various frequencies is reported here. Use of sinusoidal signals for in situ preparation of Pt nanoparticles is first reported here and is in fact an innovative aspect of this paper in the field of in situ nanoparticles electrodeposition. It is worth to note that the proposed approach is similar to the EIS technique, which makes use of the same materials and method. The use of large amplitude sinusoidal voltages eliminated the possible reduction of proton during the Pt nanoparticles deposition and this resulted in a finer control of the nanoparticles size and roughness of the composite coatings. The resulting composite modified electrodes were investigated in 0.5 M H 2 SO 4 aqueous solution by cyclic voltammetry (CV), which revealed that Pt nanoparticles are electrochemically active. The PEDOT-Pt-nanoparticles composite coatings were further characterized by the AFM technique.
Experimental

Chemicals
All chemicals were used as received without further purification. 3,4-ethylenedioxythiophene (EDOT, Aldrich) was used for electrochemical preparation of the corresponding polymer. Deionised water Millipore (18 Mcm) was used to prepare hal-00664520, version 1 -30 Jan 2012 aqueous solutions. Freshly prepared solutions were used for electrochemical measurements.
Electrochemical measurements
The electrochemical experiments were carried out with an Autolab potentiostat/galvanostat 30 (Ecochemie, The Netherlands). A conventional threeelectrode system was used, including a Pt electrode chip as the working electrode, a platinum wire as the auxiliary electrode, and a saturated calomel electrode (SCE) as the reference electrode. All electrochemical measurements were carried out at room temperature, under a high purity nitrogen atmosphere. The platinum electrode chips (0.64 cm 2 ) were fabricated according to a procedure previously reported [27] . Before each electrochemical measurement, the surface of the working electrode was checked by cyclic voltammetry in aqueous solution containing 1 mM K 3 Fe(CN) 6 and 0.1 M KCl.
The impedance spectra were recorded through FRA2 soft of the Autolab potentiostat in the frequency range 0.1 Hz -100 kHz using a sinusoidal excitation signal (single sine) with excitation amplitude (E ac ) of 50 mV. A variety of frequency domains ranging from 100 kHz to 0.1 Hz were used for in situ preparation of Pt nanoparticles.
Surface analysis of PEDOT-Pt-nanoparticles composite coatings
Polymer morphology examinations were performed using a commercial Atomic Force Microscope (stand-alone SMENA scanning probe microscope NT-MDT, Russia) in the contact mode. The experiments were conducted in a controlled environment with a laminar flow (humidity 30 % and 25°C). Adhesion of the polymer films was estimated through pull-off measurements. The Si rectangular AFM cantilever, with a stiffness of hal-00664520, version 1 -30 Jan 2012 0.3 N/m, was fixed, and the substrate moved vertically. Pull-off measurements were taken with a cantilever to which a borosilicate sphere (r = 5 µm radius) was glued on the free extremity and beneath it (Novascan Technologies, Ames, USA). Consequently, pull-off force represents in this case the adhesion between the borosilicate sphere on the tip AFM cantilever and the substrate. Ten measurements were taken at different points on the same sample with a driving speed of 1 µm/s. Roughness of the polymer films was also determined by AFM.
In situ electrodeposition of Pt nanoparticles on PEDOT
The composite PEDOT-Pt-nanoparticles films were prepared by a two-step method. Pt electrode, the modified electrode was immersed in chloroplatinic acid solution and the preparation procedure, described in Section 2.4, was applied for in situ Pt nanoparticles electrodeposition on PEDOT films.
Figure 2 near here
Preparation of PEDOT-Pt-nanoparticles composite coatings by sinusoidal voltages
Various sinusoidal voltages were applied for in situ deposition of Pt nanoparticles on PEDOT layer. The duration of the measurements depends on the frequency range used, which resulted in different Pt nanoparticles sizes, that is from 120 s up to 480 s.
Moreover, the amplitude (E ac ) of 50 mV of the sinusoidal excitation signal (single sine) was chosen to allow for the fact that this large amplitude can contribute to fine control of nanoparticles size. Figure 3A These reactions should be the reduction of the precursor Pt 4+ complex ions to Pt 2+ , and then to Pt 0 with the formation of Pt nanoparticles. Finally, at low frequencies, the impedance spectrum is dominated by the Warburg impedance. This impedance spectrum is depicted as Bode plot in Fig. 3B . From the Bode plot one can observe that at low frequencies a slope of -0.8 for log Z vs. log f was obtained, which is closed to the hal-00664520, version 1 -30 Jan 2012
theoretical value of -1, while for high frequencies a slope close to 3, indicative for diffusion-reaction reduced impedance, is obtained. Furthermore, the phase vs. log f plot depicted in Fig. 3B shows that at low frequencies a phase of ca. 80 degrees is obtained, while for high frequencies the phase tends to zero, which is indicative of capacitive behaviour. A value of ca. 78 Ohms for the charge transfer resistance (R ct ) can be obtained from the Z' vs. 1/ 2 plot, which is depicted in Fig. 3C . From this value, the exchange current density (i 0 ) was determined as 1.29 x 10 -4 A cm -2 , according to the equation (1):
where n =4, and the other symbols have their usual significance [28] .
Therefore, it is worth to note that the new preparation procedure allows for the electrochemical parameters, such as charge transfer resistance and exchange current density, to be also determined. This feature is brought by the EIS powerful technique used in the Pt nanoparticles electrodeposition and can be considered as an advantageous tool compared with the classical potentiostatic methods applied for nanoparticles deposition. 
Electrochemical characterization of PEDOT-Pt-nanoparticles composite materials
After deposition of Pt nanoparticles onto the PEDOT layer, the modified electrodes were characterized in 0.5 M H 2 SO 4 aqueous solution using cyclic voltammetry. composite coatings prepared in this work and those previously reported [23] . The values of the estimated electroactive surface area for the Pt nanoparticles composite coatings are presented in Table 1 . Table 2 . Table 2 
Advantages of the novel reported preparation procedure
The presented results clearly show that the in situ electrodeposition of Pt nanoparticles by using sinusoidal voltages offer some advantages compared with the potentiostatic Table 1 The estimation of the electrochemically active surface areas of the polymer composite modified electrodes. Table 2 Estimation of the pull-off values, using AFM, of the polymer films in the presence or absence of nanoparticles.
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